The crystal structure of Escherichia coli ornithine transcarbamoylase (OTCase, EC 2.1.3.3) complexed with the bisubstrate analog N-(phosphonacetyl)-L-ornithine (PALO) has been determined at 2.8-Å resolution. This research on the structure of a transcarbamoylase catalytic trimer with a substrate analog bound provides new insights into the linkages between substrate binding, protein-protein interactions, and conformational change. Anabolic ornithine transcarbamoylase (OTCase) catalyzes the first reaction in the urea cycle, in which L-ornithine is carbamoylated to form citrulline. More than 100 human mutations in OTCase that cause hyperammonemia and subsequent neurological damage or even death have been identified (1-5). Despite extensive modeling (3, 6), functional, and mutagenic studies (7, 8) , interpretation of the clinical results has been hampered by the unavailability of an appropriate enzyme͞ substrate analog structure.
Anabolic ornithine transcarbamoylase (OTCase) catalyzes the first reaction in the urea cycle, in which L-ornithine is carbamoylated to form citrulline. More than 100 human mutations in OTCase that cause hyperammonemia and subsequent neurological damage or even death have been identified (1) (2) (3) (4) (5) . Despite extensive modeling (3, 6) , functional, and mutagenic studies (7, 8) , interpretation of the clinical results has been hampered by the unavailability of an appropriate enzyme͞ substrate analog structure.
Escherichia coli anabolic OTCase (EC 2.1.3.3) shares Ϸ49% sequence similarity with its human counterpart and has a similar enzymatic mechanism (9) (10) (11) (12) . It is also homologous to the catalytic subunit of three transcarbamoylases whose crystal structures have been solved (13) (14) (15) [Pseudomonas aeruginosa catabolic OTCase, Bacillus subtilis aspartate transcarbamoylase (ATCase), and E. coli ATCase]. All four enzymes have the same tertiary structural motif, with each polypeptide chain folded into two discrete structural͞functional domains, a carbamoyl phosphate (CP) binding domain and an ornithine (OTCase) or aspartate (ATCase) binding domain (6, (13) (14) (15) . Active sites are shared between subunits of the trimer (16, 17) . Chimeric enzymes with the E. coli OTCase CP binding domain exchanged with the CP binding domain of OTCases from other species or the catalytic subunit of E. coli ATCase are active (18, 19) . Substrate binding induces conformational changes in these enzymes (20) (21) (22) (23) .
The quaternary structures of E. coli OTCase, P. aeruginosa catabolic OTCase, E. coli ATCase, and B. subtilis ATCase are quite different. E. coli OTCase and B. subtilis ATCase exist as free catalytic trimers (11, 14) , P. aeruginosa catabolic OTCase exists as dodecamers with molecular 23 symmetry (13), whereas E. coli ATCase has pseudo 32 symmetry with two catalytic trimers linked by three regulatory dimers (15) . In contrast to B. subtilis ATCase, E. coli ATCase catalytic trimer and E. coli OTCase, which are not cooperative, the more highly aggregated transcarbamoylases are allosterically regulated (ref. 24 ; reviewed in refs. [25] [26] [27] [28] .
The allosteric properties of E. coli ATCase have been studied most thoroughly and serve as a model for understanding other allosteric enzymes. Upon substrate binding, E. coli ATCase undergoes a large conformational change, in which the molecule expands Ϸ12 Å along its three-fold axis, each catalytic trimer and regulatory dimer rotate about the corresponding symmetry axes, the domains of the catalytic chains close about the substrate, and several interchain interfaces are restructured (20, (29) (30) (31) (32) (33) . Because these changes are concerted and each chain is involved in several protein-protein interactions (33-36), short-and long-range effects are difficult to distinguish. Although the subunits have been studied extensively in solution (16, 20, (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) , crystal structures of an isolated catalytic trimer of E. coli ATCase in the presence and absence of substrate analogs that would allow conformational changes restricted to the catalytic trimer to be identified have not previously been available.
We report here the crystal structure of E. coli OTCase complexed with its bisubstrate analog N-(phosphonacetyl)-Lornithine (PALO) determined at 2.8-Å resolution. Active site residues that interact with the bound inhibitor are identified and the conformational change that accompanies substrate binding is described. The functional roles of specific residues are correlated with the kinetic and clinical properties of OTCase mutants and the OTCase͞PALO structure is compared with the structures of other members of the transcarbamoylase family. The relevance of this model to understanding the allostery of E. coli ATCase is also discussed. pET21aϩ (Novagen) and subsequently transformed into E. coli strain BL21(DE3). Overexpressed protein was purified on a DEAE-Sephadex G-50 column with a yield of Ϸ140 mg of protein͞liter of cell culture. Purified OTCase was concentrated to 15 mg͞ml with 1 mg͞ml PALO and 10 mM Hepes buffer at pH 7.5. The best crystals were obtained with the hanging drop method by mixing 5 l of the above protein solution with 5 l of well solution containing 14% PEG 3,350, 90 mM sodium acetate, 70 mM MgCl 2 , 2% 2-methylpropanediol, and 45 mM Tris⅐HCl (pH 8.5) and equilibrating with the well solution at 18°C for about 2 weeks. X-ray diffraction data were collected with a Siemens area detector. The software package ASTRO (52) was used to design the collecting strategy and 99.4% of the unique reciprocal space from 15 to 2.8 Å was observed. Data frames were indexed, integrated, sorted, and scaled with the software package XENGEN (53 (55) produced three unique solutions, corresponding to three of the three-fold axes obtained from the self rotation function, and related to each other by the fourth three-fold axis. The trimer corresponding to the highest PC peak was fixed, and a translation function was calculated using this trimer and the trimer with the next highest PC value. This translation function gave a well-defined solution Ϸ13 above the average. The position of the third trimer was determined in a similar way. The packing of the trimers is close to that of a 3 2 screw axis, tilted by 0.84°from the unit cell c axis.
A poly-glycine backbone structure was generated from this molecular replacement (MR) solution (R factor Ϸ46%), structure factors were calculated to 6-Å resolution and phases were extended to 4-Å resolution by solvent flattening and nine-fold noncrystallographic symmetry (NCS) averaging using the CCP4 program DM. The calculated electron density map was of good quality, enabling a poly-serine͞glycine monomer to be built. Cycles of density modification and phase extension were repeated and difference͞omit Fourier synthesis was used to facilitate map interpretation, until the entire sequence was built into the model. Positional refinement lowered the R value to 29% under strict NCS constraints. Bound PALO was identified in the difference Fourier map as a region of well defined electron density (see Fig. 5 ), and PALO was built in with an orientation based upon that of N-(phosphonacetyl)-L-aspartate (PALA) in the ATCase͞PALA structure (Protein Data Bank reference no. 8atc) and electrostatic considerations (35, 56) . Further cycles of manual adjustments, refinement of NCS matrices, modeling of solvent molecules, minimization by simulated annealing, and grouped and individual B-factor refinement under strict NCS lowered the crystallographic R factor to 21.3% (R free ϭ 23.0%), with rmsd of the model from ideal bond lengths and angles of 0.010 Å and 2.664°, respectively. There are only four residues (Ser-79, His-85, Leu-128, and Leu-274) in the generously allowed or disallowed region of the Ramachandran plot. The average temperature factors for backbone, side chain, ligand, and 8 solvent atoms are 30.09, 33.32, 10.24, and 28.70 Å 2 , respectively.
RESULTS AND DISCUSSION
Monomeric and Trimeric Structure. The structure of the E. coli OTCase monomer is similar to that of P. aeruginosa catabolic OTCase (13), B. subtilis ATCase (14) , and the catalytic subunit of E. coli ATCase (15) (Fig. 1) . In all four, each polypeptide chain folds into two structural domains linked by two interdomain helices. Each domain has a central parallel ␤-pleated sheet embedded in flanking ␣-helices and loops with approximate ␣͞␤ topology. The sequences and secondary structural elements of the three proteins for which high resolution structures are available are compared in Fig. 2 . Of the two domains, the CP binding domain (residues 1-135 in E. coli OTCase) has a higher degree of sequence homology (Ϸ33% identity between E. coli OTCase and E. coli ATCase) and structural similarity, reflecting a common functional role. The rmsd of the C ␣ positions of the ␣ helices and ␤ strands between E. coli OTCase and E. coli ATCase is Ϸ0.9 Å. The ornithine͞aspartate binding domain (residues 148-312) has less homology (Ϸ12% identity) and a higher degree of structural divergence (rmsd of Ϸ2.1 Å). This domain undergoes a large conformational change upon substrate binding, as discussed below.
Shown in Fig. 3 is the trimeric organization of E. coli OTCase, which is identical to other transcarbamoylase catalytic trimers with the active sites shared between monomers (13) (14) (15) . In all transcarbamoylases, the trimer appears to be the smallest structural element that is stable, has enzyme activity and can be used to build more complex enzyme assemblies.
E. coli OTCase and P. aeruginosa catabolic OTCase have a helix (␣9a), which is absent in the E. coli ATCase catalytic subunit. In the E. coli OTCase͞PALO structure, it is on the periphery of the trimer and appears to interact with the 240s loop (residues 232-256, including helix ␣8a), mainly through hydrophobic bonds. It also interacts with the 80s loop (residues 78-88) from a neighboring polypeptide chain. As discussed Proc. Natl. Acad. Sci. USA 94 (1997) below, these two loops are important in catalysis. The position of helix ␣9a, combined with sequence differences at Lys-10, Gly-109, Gln-110, Glu-114, Glu-118, Glu-131, Thr-199, and Ala-203 would disrupt the potential c1-r1 interface between the catalytic chain and the regulatory chain of ATCase (15, (33) (34) (35) , thus preventing OTCase from binding to the regulatory chain of E. coli ATCase in vivo. Active Site Structure. The PALO͞OTCase complex is stabilized by an intricate network of interactions (Fig. 4) . Ser-55 through Thr-58, Arg-106, Arg-319, and Gln-82 from the neighboring subunit stabilize the negative charge of the phosphonate moiety. One phosphonate oxygen, O1P, forms a salt bridge with the guanidino nitrogen NH2 of Arg-106 and is hydrogen bonded to the amide nitrogen NE2 of Gln-82 from the neighboring chain. Another phosphonate oxygen, O2P, may form hydrogen bonds with the hydroxyl oxygens of Ser-55 and Thr-58, the backbone amide nitrogens of Thr-58 and guanidino nitrogens NH1 and NH2 of Arg-106. The last phosphonate oxygen, O3P, may be hydrogen bonded to guanidino nitrogens NE and NH1 of Arg-57 and the backbone amide nitrogens of Thr-56 and Arg-57. The dipole moment of helix ␣2 also appears to stabilize the phosphonate group, as in the ATCase͞PALA structure (33) .
The carbonyl oxygen O1 from the acetyl group of PALO is polarized by forming hydrogen bonds with NE2 of His-133 and the guanidino nitrogens of two arginines, Arg-106 and Arg-319. The nitrogen of the L-ornithine moiety is hydrogen bonded to the main chain carbonyl oxygen of Leu-274, which is located at a conserved loop (His-272, Cys-273, Leu-274, and Pro-275) between strand ␤10 and helix ␣9a. These residues are likely to act as general acids͞bases in the catalytic mechanism.
In contrast to PALA, which is negatively charged, PALO has a positive charge on the ␣-amino group. This charged nitrogen forms a salt bridge with the carboxyl oxygen OD2 of Asp-231, and is hydrogen bonded to the carbonyl oxygen OD1 of Asn-167. One carboxyl oxygen of L-ornithine, OT1, is hydrogen bonded to the backbone nitrogen of Met-236, while the other carboxyl oxygen, OT2, may interact with the amide nitrogen ND2 of Asn-167 and the positively charged NZ of Lys-53 through a water molecule. The inhibitor͞protein interactions and possible bonding parameters are summarized in Table 1 .
In E. coli ATCase, Ser-80 and Lys-84 in the 80s loop of an adjacent chain directly interact with the bound substrate analog PALA (33) (34) (35) . In the E. coli OTCase͞PALO structure, Gln-82, the counterpart of Ser-80 in E. coli ATCase, forms a hydrogen bond with the phosphonate oxygen O1P of PALO (Fig. 4) . Lys-86, which corresponds to Lys-84 in E. coli ATCase, is adjacent to both the carbonyl oxygen OE1 of Gln-82 and the carboxyl oxygen OT1 of PALO, but not close enough to form direct bonds (Fig. 4) . It is possible that they are bridged by solvent molecules, though no clear density was observed in the current map. These interactions appear to be functionally significant since mutating Lys-86 to Gln lowers V max by two FIG. 2. Sequence and secondary structure alignment of E. coli OTCase (ecootc), P. aeruginosa catabolic OTCase (paeotc), and E. coli ATCase catalytic subunit (ecoatc). Residues corresponding to ␣-helices and ␤-strands are separated by a space from the rest of the sequence and underlined with dashed and solid lines, respectively (13, 35) . Residues at the N͞C termini and the beginning and end of secondary structural elements in E. coli OTCase are numbered.
FIG. 3. Cartoon drawings of E. coli
OTCase catalytic trimer ligated with the bisubstrate analog PALO, shown as a space filling model. These figures were generated by graphic programs MOLSCRIPT (57) and RENDER (58, 59) . Chain A1, A2, and A3 are colored light blue, blue, and green respectively. (Upper) Top view, down the molecular threefold axis. CP and L-ornithine binding domains of chain A1 are labeled. One active site, shared between chain A1 and the 80s loop of chain A2, is also labeled. (Lower) Side view, perpendicular to the three-fold axis. N͞C termini and ␣ helices 1, 7, 8a, and 9a of chain A2 are labeled. orders of magnitude (6) . Residues in the 80s loop of OTCases are not as well conserved as others at the active site, with the exception of Glu-87 (Glu-86 in E. coli ATCase), which is hydrogen bonded to Arg-57 from the adjacent chain, helps orient the side chain of Arg-57, and maintains the conformation of the 80s loop and its proximity to the adjacent chain.
The interactions between PALO and the protein described above correlate well with sequence alignments and the results of mutagenic and clinical studies (3, 7, 8) . (1-5, 7, 8) . The model also accounts for the functional effects of mutations remote from the active site; for example, substitutions at Asp-163 (D196V) or Arg-246 (R277W, R277Q) (3, 7) would be expected to alter the conformation of the 240s loop and the movement of this loop that accompanies substrate binding, as discussed below.
Domain Closure. Fig. 1 compares the back bone traces of E. coli OTCase, P. aeruginosa catabolic OTCase, and E. coli ATCase. As shown, the position of the 240s loop (residues 232-256) is different in the E. coli OTCase structure than it is in the other two structures. The rmsd of the C ␣ positions of residues 232-256 between the ligated and unligated OTCases is 6.5 Å and the positions of the C ␣ of Gly-237, which has one of the largest displacements, differ by 9.5 Å. Because there is 68% identity in the 240s loops of E. coli and P. aeruginosa OTCases, the loop conformation is not affected by crystal contacts in either structure, and this movement brings the CP and L-ornithine binding domains together (as well as rotating one relative to the other by Ϸ9°), this conformational difference is most reasonably attributed to the binding of PALO. A similar conformational change occurs when PALA binds to the catalytic subunit of E. coli ATCase; the 240s loop swings toward the CP binding domain and the aspartate binding domain rotates Ϸ6°relative to the CP binding domain, triggering the T to R quaternary structural transition (33) (34) (35) .
Movement of the 240s loop alters many noncovalent bonds, particularly in and near the 240s loop. In the absence of bound substrate (P. aeruginosa catabolic OTCase) (13), Arg-246 forms a salt bridge with Asp-163 and interacts with Asn-166, whereas the side chains of Arg-165 and Glu-238 extend into the solvent. No residue in the 240s loop interacts with those in the CP binding domain, and the active site is open to the solvent (Fig. 5) . When PALO binds to E. coli OTCase, Ser-235 and Met-236 are drawn into the active site to interact with the L-ornithine moiety of the inhibitor. These movements lead to a change in the position of the side chain of Glu-238, which moves to interact with Arg-246. Substrate binding also leads to a slight rotation of Arg-165 and Asn-166, enabling Arg-165 to form a salt bridge with Glu-238 and to interact with Asp-163, while breaking the interaction of Asn-166 with Arg-246. Several interdomain interactions also form. The sulfur atom of Met-236 interacts with the carbonyl oxygen of Asp-54. The amino nitrogen NZ of Lys-53 may interact with the backbone carbonyl oxygen of Met-236 and form a hydrogen bond with the side chain amide oxygen OD1 of Asn-130 (Fig. 5) . The importance of these interactions and domain closure in the catalytic mechanisms of all OTCases are reflected in the conservation of Lys-53, Asp-163, Asn-166, Ser-235, Met-236 and Arg-(or Lys) 246 in the 26 OTCase sequences examined (3) .
Although the closed conformation has only been observed in transcarbamoylase structures with both substrates͞analogs bound (13-15, 33-36) , transcarbamoylases may differ in the ease with which they undergo the transition between the closed and open states. Binding of the first substrate CP alone to E. (25) (26) (27) (28) , there continues to be great interest in understanding its mechanism in detail. The T 3 R transition in E. coli ATCase is extremely complex, involving changes in domain interactions in both the catalytic and regulatory chains, elimination of most of the interactions between the 240s loops of the two catalytic subunits and the c1-r4 interaction between catalytic and regulatory chains, and the formation of new interactions at the c1-r1 interface between catalytic and regulatory chains (28) . For many years, it has been recognized that detailed knowledge of the structure of the isolated catalytic trimer in the presence and absence of substrate analogs would be extremely useful because it lacks much of the structural and functional complexity of the holoenzyme. However, only one unligated crystal structure of a free catalytic subunit (from B. subtilis) is currently solved (14, 60) . The OTCase crystal structures that are becoming available (61) provide a new opportunity to examine the properties of trimeric transcarbamoylases, the structural and functional effects of assembly into larger aggregates and the relationship between sequence and function.
Although domain closure is a major feature of the quaternary structure change that E. coli ATCase undergoes when substrates bind (33) (34) (35) , the magnitude of the conformational change that accompanies substrate binding to isolated catalytic trimers has not been well defined experimentally. Methods such as ultraviolet difference spectroscopy (40) and hydrogen exchange kinetics (45) have provided evidence for a conformational change; however, the change in sedimentation coefficient is small (Ϸ1%) (20, 41) . The results reported here indicate that domain closure accompanies binding of substrate analogs to isolated catalytic trimers much as it does in the holoenzyme. However, wild-type ATCase catalytic trimers are noncooperative. Hence, domain closure is necessary but not sufficient for cooperativity.
Cooperativity can be introduced into the E. coli ATCase catalytic trimer, B. subtilis ATCase, and E. coli OTCase by mutating Arg-105 to Ala, Arg-99 to Ala, and Arg-106 to Gly, respectively (62) (63) (64) . Binding of L-ornithine to E. coli OTCase also becomes cooperative when Zn(II) binds to Cys-273 (65) (66) (67) . Apparently the signal transduction pathways that exist between the active sites and interchain interfaces of the holoenzyme of E. coli ATCase exist in the trimeric catalytic subunits of E. coli ATCase, B. subtilis ATCase and E. coli OTCase, but are latent in the wild type. The fact that they can be activated by mutation indicates that there is further scope for using OTCases as a tool for understanding cooperativity in ATCase.
